The aim of this study was to map the parameters that have the greatest impact on the environmental impact of heating systems usually used in Nordic single-family dwellings. The study focused on mapping the technical requirements for efficient operation of heating systems in a broader context. The results suggest that the ability of a heating system to be operated with a low-temperature water supply depends to a large extent on the heating demand of a building. It was shown that an increase in the water flow rate in hydronic circuits would significantly increase the thermal efficiency from analyzed heating systems. This increase would not increase the pumping power need, nor would it create noise problems in distribution network if the distribution pipes and thermostatic valves were properly selected. However, this increase in water flow rate improved the efficiency of considered closed-loop heat pump. It was further shown that the efficiency of the heat pump could be additionally improved by halving the energy needs for the domestic hot-water and circulators. The main conclusion from this study is that exergy usage, CO 2 emission and thereby environmental impact are significantly lower for heating systems that are operated with small temperature drops.
Introduction
An increased awareness that resources are limited has obliged many countries to revise their energy policies, and to implement various measures to reduce energy use. This has also broadened interest of the engineering and research communities to take a deeper look at energy management, and to develop new methods for more efficient energy use. Such measures include the so-called '20-20-20 targets' that were agreed to by member states of the European Union in 2007 [1] . This action plan aims to achieve a 20% reduction of greenhouse gas emissions, a 20% increase in energy efficiency, and a 20% increase of renewable energy use by 2020 compared with the 1990 levels. The initial targets were further tightened in 2015, requiring a reduction of greenhouse gas emissions by at least 40% and an increase of both energy efficiency and renewable energy use by at least 27% by 2030 [1] . Yet these targets should only be viewed as a first step toward a low-carbon future. According to a report by the Intergovernmental Panel on Climate Change (IPCC) released in 2011, in order to limit Earth warming to a maximum of 2 • C, the concentration of greenhouse gases in the atmosphere should not exceed
The thermal insulation and air tightness of building envelope should be improved. The thermal efficiency of existing space heating appliances should be enhanced. The use of renewable fuels in district heating, domestic heat pumps, condensing boilers should be increased, while at the same time improving the efficiency of these systems.
Unfortunately, current research activities commonly focus on exploring the potential of each of the above-mentioned measures independently. The result of such an approach is that the knowledge acquired is often fragmented, which limits operating engineers and decision-makers from getting a holistic view on how these three saving measures interact and affect each other. This limitation may limit and prolong the implementation of the necessary improvements in the building sector, and thus should be addressed in more detail and holistically than before. Consequently, the aims of the present study are:
To demonstrate the impact of building insulation on the operational mode of space heating systems. To demonstrate the potential of combining efficient space heating systems with a closed-loop heat pump. To thoroughly investigate the hydraulic pressure losses and pumping power need in heating systems operated with high water flow rates. To rate the influence of an increased water flow on exergy use and noise levels in the heating systems, and its impact on the efficiency of a closed-loop heat pump and CO 2 emission from a single-family dwelling.
In other words, to demonstrate the joint potential of all the aforementioned energy saving measures and to map which parameters mostly affect the ability of a heating system to be operated with water supply temperature lower than 45 • C. Before we begin with the evaluation of the technical requirements, a short retrospective of development of hydronic heating systems in European countries is given in the two following sections.
A Short Retrospective about Development of Hydronic Systems in Europe
The process of switching from what were then considered high-temperature heating system with supply/return temperatures of 130 • C/60 • C and 120 • C/100 • C to then considered a low-temperature system (90 • C/70 • C) started in Europe in the middle of the twentieth century [11, 12] . As heating demands of European buildings have constantly decreased since the 1950s, the old 90 • C/70 • C system was replaced by a new 75 • C/65 • C low-temperature system in 1997 [13] .
In Scandinavian countries, however, water temperatures used in hydronic systems were already lower than 75 • C/65 • C by that time. In Denmark the supply and return temperatures in dwellings heated by natural gas boilers were limited to 62.5 • C and 47.5 • C, respectively, by 1995 [14] . For buildings served by district heating, the design supply/return temperatures at peak heating loads were limited to 70 • C/40 • C by that time. According to same building code, the water supply temperature cannot exceed 55 • C in dwellings served by heat pumps [15] .
Also, in Sweden in 1984, a new regulation come into force, and old 80 • C/60 • C high-temperature system was replaced by new 55 • C/45 • C low-temperature system [16] . This new regulation at that time applies to newly built and renovated buildings only, and was still used as a design guide line in 2018. However, high-temperature water supply of 80 • C (that is, 80 • C/40 • C and 80 • C/30 • C systems) continued to be used in a number of existing Swedish apartment buildings even after 1984 [17] . Fahlén [18] , in 2003, proposed to classify the 'new' 55 • C/45 • C system as a medium-temperature system, as this heating system have already been Swedish standard for more than two decades by that time. According to his suggestion, hydronic heating systems should be classified as follows:
High-temperature systems for supply temperatures higher than 55 • C. Medium-temperature systems for supply temperatures between 45 • C and 55 • C. Low-temperature systems for supply temperatures less than 45 • C.
A somewhat more detailed classification of hydronic systems according to their operational temperatures have already been proposed three years earlier by a Dutch research team [19] and Ovchinnikov et al. [20] in 2016. The original classification suggested by Boerstra et al. [19] in 2000 is given in Table 1 . Table 1 . Classification of hydronic heating systems according to Boerstra et al. [19] . 
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Reflection on Current Classification of Hydronic Systems
It should be noted that the return temperatures presented in Table 1 are a result of certain design traditions, regulations and operational conditions of a heating system. Therefore, Table 2 shows the temperature drops with the corresponding water flow rates usually used in current radiator systems. As seen, at a constant heat output, a high water flow rate generates a small temperature drop over the system and vice versa. According to Table 2 , in order to keep constant heat output, water flow rate through a radiator must be increased by nearly 5 times if the supply water temperature is to be reduced from 75 • C to 45 • C. The data presented in Tables 1 and 2 show that (traditional) high-temperature systems are characterized by high supply water temperatures and large temperature drops. Due to this, the water flow rates in those systems are low, and this is why these systems are also commonly referred to as low-flow systems. On the other hand, low-temperature systems are associated with water supplies of lower temperatures, and with smaller temperature drops. The water flow rates in low-temperature systems are normally much higher than those in high-temperature systems. This is why low-temperature heating systems are usually also referred to as high-flow systems. This classification, however, is not fully correct and does not always apply. For example, in buildings with low-to-moderate heating demands, the heating systems can simultaneously operate in both the low-flow and the low-temperature mode. Therefore, the above-presented classification in Tables 1  and 2 should not be strictly applied, but should be viewed rather as a general guideline.
General Characteristics of Low-Temperature Heating Systems
Low-temperature heating systems have been a subject of extensive research during the last two past decades. The simulations and laboratory measurements have shown that this heating system is characterized by:
Higher pumping energy need compared to high-temperature systems [17] . Higher heat output sensitivity due to variations in water flow rates compared to high-temperature systems [17] . Ability to provide better or the same level of thermal comfort as traditional high-temperature systems [20] . Higher share of thermal radiation (up to 50-70%) compared to traditional systems, and high levels of perceived thermal comfort and indoor air quality [19, 21, 22] . Uniform heat distribution, low temperature stratification, low indoor air turbulence and low radiant temperature asymmetry inside the served rooms [23] . Lower heat losses in distribution networks and more efficient use of heat pumps, low-grade waste and renewable heat compared to traditional high-temperature systems [24, 25] . Reduced primary energy use (up to 12%) compared to traditional high-temperature systems [26, 27] .
It should be noted that previous studies seldom explicitly evaluated the importance of building heating demand and efficiency of entire system on ability of a heating system to be operated with low-temperature water supply. Therefore, one of the goals of this study was also to explore and rate the importance of these two important preconditions.
Methodology
The present study was divided into two parts. The first part aimed to demonstrate the impacts of outdoor climate, building insulation, and the efficiency of space heaters on the capacity of a heating system to be operated with a low-temperature water supply. The second part explored the effects of an increased water flow rate on the performance of the analyzed low-temperature heating systems.
Space Heaters
Three different space heaters were considered: conventional radiator, baseboard radiators and (under)floor heating. The floor heating acted as a reference, since this system is currently by far the most known and widely-used low-temperature heating system in single-family dwellings. All three systems used circulating hot-water for heat distribution.
In both the first and second part, the heat outputs from radiator systems were estimated according European Norm EN 442 [28, 29] , and according to EN 1264 for floor heating [30] . The estimated heat outputs were based on a constant room temperature of 20 • C, and fixed dimensions of space heaters. The conventional radiator was 1.2 m long and 0.5 m high, consisted of two panels and one convector plate (type 21) and had a heat emitting surface area of 4.8 m 2 . The length and height of the used baseboard radiators were set at 12 m and 0.15 m, respectively, according current design practice [28] . The heat transferring surface area of this space heater was 2.0 m 2 . The heat emitting surface area of the floor heater was the same as the room floor area (20 m 2 ). The distribution pipes in floor heating were arranged in straight lines with center-to-center distance of 0.3 m, and the flooring (wooden parquet) above the pipes had a thermal resistance of 0.15 (m 2 · • C)/W.
Hydraulic Pressure and Power Losses in Analyzed Heating Systems
The Darcy-Weisbach equation, Equation (1), was used for estimation of the pressure losses in distribution pipes for floor heating. Equation (1) was further combined with Equation (2) to estimate the power required by the circulation pump. The combined expression is shown by Equation (3), and presents the total pumping power need for water circulation in a heating system.
The flow friction factor, f i, pipe , in Equations (1) and (3) was calculated by the expression shown in Equation (4) . The expression was proposed by Churchill [31] in 1977, and is valid for the entire range of the Reynolds number (Re di > 0) and relative pipe roughness 0 ≤ ε/d i ≤ 0.05. The expression is widely used in hydraulic engineering and consists of the following: The pressure losses over the conventional radiator and associated thermostatic valve were estimated using Equations (5) and (6) 
Exergy Use of Conventional Radiator
In addition to estimation of pressure and pumping losses, the corresponding exergy use of the analyzed conventional radiator was also evaluated in order to explore the efficiency of the resource usage. Equation (7) was used to determine the rate of exergy use for radiator operation [33] , whereas electrical exergy usage for associated pumping work was estimated by Equation (8) [34] . The total exergy use, shown by Equation (9), was then calculated by summing up the estimated values by Equations (7) and (8) . As suggested in [35] , the quality factor, F q, el. , of electricity used for pump work was set at 0.97. The reference temperature, T ref. , in Equation (7) 
Ground-Source Heat Pump
The seasonal electricity need of the used ground-source heat pump (GSHP) connected to the analyzed space heaters was estimated by the non-commercial code Vitocalc from 2010 [36] . The code was developed using an algorithm proposed by European Norm EN 14511, and was based on data from long-term measurements and real-life performances of various heat pump types collected by the Department of Energy Technology at KTH Royal Institute of Technology in Stockholm (Sweden) . The code predicts the seasonal performance of heat pumps based on daily data about the following: the energy needs for space heating and domestic hot water (DHW), the outdoor, indoor and heat source temperature, the efficiency of the compressor, the type of condensation in the condenser, the supply and return temperatures of the evaporator and the connected heating system. For GSHPs, the effects of the depth of the borehole and the thermal conductivity of the ground are also taken into account.
In the first part of the study, besides the seasonal electricity need for the GSHP, the electricity requirements for the circulation pumps for the brine and heating circuits were also considered in order to estimate Heating Seasonal Performance Factor (HSPF) of the entire system. These were set at 288 kWh (96 W) for brine circulation pump and 317 kWh (48 W) for heating circuit pump [37] , respectively. The inlet and outlet brine temperatures of evaporator were set at 0 • C and −3 • C, respectively, also in accordance with reported data from previous long-term field measurements [38] .
Reference Dwelling
The analyzed space heaters together with the selected GSHP were assumed to serve a typical Scandinavian single-family dwelling built before 2000. The considered dwelling had a total heated area of 150 m 2 , and was naturally ventilated. The dwelling had a total heating energy demand of 16.5 MWh/year, of which 3.0 MWh was used DHW. This demand corresponded to an average energy use for space heating and DHW for a typical Scandinavian single-family dwelling built up to 2000 [37, 39, 40] 
Results
In the following two sections, the effects of outdoor temperature, the building insulation, the choice of space heaters and the efficiency of GSHP on CO 2 emission from a Scandinavian single-family dwelling are demonstrated. The mutual interdependence between these five parameters will be shown, and the importance of the cleanness of heat generation on CO 2 emission will be explained. The effects of increased water flow rates in selected hydronic heating systems are also analyzed in detail. In order to get a better picture and insight of the interconnections between the parameters considered in this study, a flowchart of the mutual interdependencies is given in Figure 1 . Figure 2 illustrates how additional wall insulation decreases the annual heating energy need and the peak power heat load of a single-family dwelling [41] . The presented data is based on the indoor temperature of 21 °C and the mean winter temperature of 1 °C and the design winter temperature of −10 °C. According to Figure 2 , an increase of the mineral wool insulation from 30 mm to 300 mm would reduce the transmission heat losses by nearly seven times. This clearly illustrates the potential of such an energy-saving measure. The potential of this measure is also shown in Figure 3 which presents the improvement of energy efficiency in German building stock between 1969 and 2012 [42] . Figure 3 also shows the variation of heat output with excess (logarithmic mean temperature difference between a space heater and the room air) temperature for two radiator types. Figure 3 indicates that the heat loss from an average German building in 1977 could be covered by a conventional radiator consisting of two panels and two convector plates (type 22) with 90 °C/70 °C system. For same building built according to the German energy requirements in 2012, the very same radiator would covered the heat loss with a 45 °C/35 °C system. This could be explained as follows: by adding more thermal insulation, the heat loss of the building would decrease; this in turn would require less active heat supply from the heating system, which could then be operated with water supply of lower temperature. However, the same result could be accomplished with hightemperature radiator system if a low water flow rate would be used, as shown in Table 2 . Figure 3 also illustrates the significance of the heat transferring area of radiators, especially if they are aimed to be operated with low-temperature water supplies. According to Figure 3 Figure 2 illustrates how additional wall insulation decreases the annual heating energy need and the peak power heat load of a single-family dwelling [41] . The presented data is based on the indoor temperature of 21 • C and the mean winter temperature of 1 • C and the design winter temperature of −10 • C. According to Figure 2 , an increase of the mineral wool insulation from 30 mm to 300 mm would reduce the transmission heat losses by nearly seven times. This clearly illustrates the potential of such an energy-saving measure. The potential of this measure is also shown in Figure 3 which presents the improvement of energy efficiency in German building stock between 1969 and 2012 [42] . Figure 3 also shows the variation of heat output with excess (logarithmic mean temperature difference between a space heater and the room air) temperature for two radiator types. Figure 3 indicates that the heat loss from an average German building in 1977 could be covered by a conventional radiator consisting of two panels and two convector plates (type 22) with 90 • C/70 • C system. For same building built according to the German energy requirements in 2012, the very same radiator would covered the heat loss with a 45 • C/35 • C system. This could be explained as follows: by adding more thermal insulation, the heat loss of the building would decrease; this in turn would require less active heat supply from the heating system, which could then be operated with water supply of lower temperature. However, the same result could be accomplished with high-temperature radiator system if a low water flow rate would be used, as shown in Table 2 . Figure 3 also illustrates the significance of the heat transferring area of radiators, especially if they are aimed to be operated with low-temperature water supplies. According to Figure 3 , a radiator of type 22 needed to be operated with a 45 • C/35 • C system to cover a heat loss of 30 W/m 2 per floor area. By using a radiator of the same dimensions but without convector plates (type 20), the operational temperatures must be increased by 10 • C (to 55 • C/45 • C system) to cover the same loss. Later, it would be shown that this temperature increase would have a negative impact on the efficiency of a closed-loop heat pump.
Effects of Building Insulation on the Operational Mode of Space Heaters
In addition, Figure 3 shows that radiator heat output is strongly affected by the level of the supply temperature. The relative loss of heat output for supply temperatures lower than 50 • C is much more noticeable than for higher supply temperatures. This clearly indicates that present-day conventional radiators are not designed for efficient operation with low-temperature supplies.
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Benefits of Low-Temperature Heating
In the previous section, it was shown that the rate of thermal insulation of a building had a large impact on the operational mode of space heaters and their capability to be operated with a low-temperature water supply. In this section, another factor that has also an important impact on the system performance will be explored, namely, the thermal efficiency of the space heaters. Figure 4a shows variation of heat loss with outdoor temperature for a typical Scandinavian single-family dwelling built up to 2000. In the figure below, Figure 4b , the supply water temperatures required to compensate for the heat loss shown in Figure 4a , for a conventional radiator, for baseboard radiators, and for floor heating are shown, respectively.
By following the red line in Figure 4b , it can be observed that the selected baseboard radiator system was able to cover a heat loss of about 29 W/m 2 per floor area using a 46 • C/36 • C system. According to Figure 4a , this heat loss would occur at an outdoor temperature of about −1.7 • C in the selected single-family dwelling. Figure 4b further reveals that used floor heating could compensate for the same heat loss with an approximately 10 • C lower supply temperature. That is, by using a 36 • C/31 • C system. With a conventional radiator, 51 • C/41 • C system is required to cover the same loss. This implies that, to overcome the same heat loss (29 W/m 2 floor area ), the chosen conventional radiator must be operated with 5 • C and 15 • C higher supply water temperatures, respectively, than the selected baseboard and floor heating system. Furthermore, the data in Figure 4a ,b indicates that all three analyzed space heaters would be able to cover a heat loss of about 20 W/m 2 floor area with water supplies lower than 45 • C. This means that most current heating systems could be operated with low-temperature supplies if the heat loss from a building would be sufficiently low.
The change of HSPF with water supply temperature used in Figure 4b is illustrated in Figure 4c , and the change of CO 2 emissions with HSPF used in Figure 4c was shown in Figure 4d . Figure 4d shows that both HSPF and CO 2 emissions are affected by the water supply temperature used in a heating system. According to Figure 4c , the HSPF increases by approximately 1.3%/ • C for a decrease of supply temperature from 55 • C to 30 • C. This increase rate of HSPF corresponds to the reduction rate of CO 2 emissions in Figure 4d . Therefore, by replacing conventional radiators with floor heating in the considered dwelling, the HSPF would be increased by 17% and the CO 2 emissions would be reduced by about 70 kg per heating season.
In order to better understand and to get a greater insight into how the parameters presented in Figures 2, 3 and 4a-d are interconnected, Table 3 gives a brief summary of the mutual interconnections. It can be observed that increased outdoor temperature, improved thermal insulation of the building envelope would lower the heat loss of the building, this together with efficient space heaters would decrease the total electricity usage for heating and CO 2 emissions from the building. It should be noted, however, that the rate of thermal insulation of a building and the efficiency of its heating system are not always necessarily interdependent. Table 3 . A summary of the interconnections be
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Hydraulic Pressure and Power Losses in Low-Temperature Systems
In the previous section it was shown that low-temperature space heaters connected to a closed-loop heat pump could significantly reduce the energy use and CO 2 emission of a single-family dwelling. However, the investigated space heaters in the previous sections were assessed according to current operational practice. The performance of radiator systems were evaluated at a temperature drop of 10 • C, and floor heating system was assessed at a temperature drop of 5 • C.
In this section the effects of smaller temperature drops (high water flow rates) will be thoroughly investigated. It is a well-known fact that water flow rates in low-temperature systems are usually much higher than in high-temperature system. If distribution pipes are not sized properly, this may significantly increase the electrical power required by the circulation pumps. In order to minimize the required pumping power, the inner diameter of each pipe section in a hydronic network must be selected with great care. In the following paragraphs, the influence of increased water flow rate and the inner pipe diameter on the pressure loss and pumping power need is evaluated. From here on in, the inner pipe diameter is referred to as pipe diameter only. Figure 5 compares the increase of hydraulic pressure loss with increased water flow rate for pipe diameters currently used in floor and radiator systems in single-family dwellings. In order to maintain the current design guide value at around 100 Pa/m for hydraulic pressure loss in distribution pipes, pipe diameters of 7.7, 10 and 13 mm are required for water flow rates of 0.01, 0.017 and 0.034 kg/s, respectively. In other words, an increase of pipe diameter from 7.7 to 13 mm (by 69%) would allow an increase water flow rate from 0.01 to 0.034 kg/s (by 240%) without increasing the pipe pressure loss in a circuit.
In the previous section it was shown that low-temperature space heaters connected to a closedloop heat pump could significantly reduce the energy use and CO2 emission of a single-family dwelling. However, the investigated space heaters in the previous sections were assessed according to current operational practice. The performance of radiator systems were evaluated at a temperature drop of 10 °C, and floor heating system was assessed at a temperature drop of 5 °C.
In this section the effects of smaller temperature drops (high water flow rates) will be thoroughly investigated. It is a well-known fact that water flow rates in low-temperature systems are usually much higher than in high-temperature system. If distribution pipes are not sized properly, this may significantly increase the electrical power required by the circulation pumps. In order to minimize the required pumping power, the inner diameter of each pipe section in a hydronic network must be selected with great care. In the following paragraphs, the influence of increased water flow rate and the inner pipe diameter on the pressure loss and pumping power need is evaluated. From here on in, the inner pipe diameter is referred to as pipe diameter only. Figure 5 compares the increase of hydraulic pressure loss with increased water flow rate for pipe diameters currently used in floor and radiator systems in single-family dwellings. In order to maintain the current design guide value at around 100 Pa/m for hydraulic pressure loss in distribution pipes, pipe diameters of 7.7, 10 and 13 mm are required for water flow rates of 0.01, 0.017 and 0.034 kg/s, respectively. In other words, an increase of pipe diameter from 7.7 to 13 mm (by 69%) would allow an increase water flow rate from 0.01 to 0.034 kg/s (by 240%) without increasing the pipe pressure loss in a circuit. Figure 6 shows the change in ratio between the pumping power need and the heat output with increased water flow rate for a floor heated room of 20 m 2 . In accordance with the manufacturers' suggestions, the pipe length, lpipe, of the underfloor heating circuit and the pump efficiency, ηpump, were set at 70 m and 25%, respectively [43, 44] . The water supply temperature was held at 35 °C, and water flow rate was increased from initial 0.009 kg/s to 0.05 kg/s. Figure 6 shows the change in ratio between the pumping power need and the heat output with increased water flow rate for a floor heated room of 20 m 2 . In accordance with the manufacturers' suggestions, the pipe length, l pipe , of the underfloor heating circuit and the pump efficiency, η pump , were set at 70 m and 25%, respectively [43, 44] . The water supply temperature was held at 35 • C, and water flow rate was increased from initial 0.009 kg/s to 0.05 kg/s. By combining data from Figures 5 and 6 , it can be observed that the pumping power need for a pipe diameter of 10 mm is 0.1% of produced heat output at hydraulic pressure loss of 100 Pa/m. By increasing the diameter to 13 mm, the ratio would increase to 0.17% but the water flow rate would increase by 2 times. Even by allowing the pressure loss to increase to 344 Pa/m, the pumping power need would still be about 0.6% of the generated heat output for distribution pipes of 10 mm. It also shows that the pressure loss would be about 195 Pa/m when increasing the diameter to 13 mm and water flow rate to 0.05 kg/s, and that the ratio between the required pumping power and produced heat output would be about 0.5% in that case.
However, although it was fully possible to use a water flow of 0.05 kg/s per circuit in floor heating systems, there is no practical justification to go above 0.035 kg/s. According to Table 4 , an increase from 0.035 kg/s to 0.05 kg/s per circuit would increase pumping power need by 170% but this increase would only improve Coefficient of Performance (COP) of the considered GSHP by 2%. Figures 5 and 6 clearly show that pumping requirements in hydronic systems can easily be reduced by a proper pipe design. Table 4 also shows that it would be beneficial to use water flow of a high rate in a floor heating system supported by a heat pump. According to the table, an increase of water flow rate from 0.01 kg/s to 0.035 kg/s per circuit would improve the COP of the considered GSHP by 17%. Therefore, the traditional design guide values for hydraulic pressure loss of 100 Pa per meter pipeline and water flow rate of 0.01 kg/s per circuit are not always suitable for lowtemperature heating systems in single-family houses.
It should be noted that the ratio between the pumping power need and the heat output for radiator systems would be even lower than for floor heating, since the total length of distribution pipes in radiator heating is normally much shorter compared to floor heating systems. It is therefore safe to conclude that the design guideline values of 100 Pa/m for water-side pressure loss in distribution pipes and of 0.01 kg/s per circuit for water flow rate are not fully appropriate for design of low-temperature heating systems in single-family dwellings. By combining data from Figures 5 and 6 , it can be observed that the pumping power need for a pipe diameter of 10 mm is 0.1% of produced heat output at hydraulic pressure loss of 100 Pa/m. By increasing the diameter to 13 mm, the ratio would increase to 0.17% but the water flow rate would increase by 2 times. Even by allowing the pressure loss to increase to 344 Pa/m, the pumping power need would still be about 0.6% of the generated heat output for distribution pipes of 10 mm. It also shows that the pressure loss would be about 195 Pa/m when increasing the diameter to 13 mm and water flow rate to 0.05 kg/s, and that the ratio between the required pumping power and produced heat output would be about 0.5% in that case.
However, although it was fully possible to use a water flow of 0.05 kg/s per circuit in floor heating systems, there is no practical justification to go above 0.035 kg/s. According to Table 4 , an increase from 0.035 kg/s to 0.05 kg/s per circuit would increase pumping power need by 170% but this increase would only improve Coefficient of Performance (COP) of the considered GSHP by 2%.
Figures 5 and 6 clearly show that pumping requirements in hydronic systems can easily be reduced by a proper pipe design. Table 4 also shows that it would be beneficial to use water flow of a high rate in a floor heating system supported by a heat pump. According to the table, an increase of water flow rate from 0.01 kg/s to 0.035 kg/s per circuit would improve the COP of the considered GSHP by 17%. Therefore, the traditional design guide values for hydraulic pressure loss of 100 Pa per meter pipeline and water flow rate of 0.01 kg/s per circuit are not always suitable for low-temperature heating systems in single-family houses.
It should be noted that the ratio between the pumping power need and the heat output for radiator systems would be even lower than for floor heating, since the total length of distribution pipes in radiator heating is normally much shorter compared to floor heating systems. It is therefore safe to conclude that the design guideline values of 100 Pa/m for water-side pressure loss in distribution pipes and of 0.01 kg/s per circuit for water flow rate are not fully appropriate for design of low-temperature heating systems in single-family dwellings. 
The Impact of Increased Water Flow Rate on Heat Output and Exergy Use
It is important to further evaluate the validity of using high water flow rates in heating systems. Therefore, the focus in this section is to evaluate the impact of increased water flow rate on heat output and exergy use of the considered heating systems, in other words, to rate the efficiency of natural resources utilization when using high water flow rates in heating systems. Figure 7 illustrates the variation of the relative heat output with change of relative water flow for the analyzed space heaters. It shows that floor heating benefits most from increased water flow rate, followed by baseboard radiators, while conventional radiator benefitted the least from this increase. By increasing the water flow from 0.01 to 0.035 kg/s the heat output from the considered floor, baseboard and conventional radiator heating systems increased by 38, 28 and 25%, respectively. Figure 7 also reveals that a 50% decrease of the initial water flow rate (=0.01 kg/s) would reduce the heat output from the considered space heaters by 22 to 30%. This clearly shows that the heat output from a high-flow system is largely affected by the operational water flow. Therefore, it is very important to fine-tune high-flow systems carefully in order to maximize their thermal performance. 
It is important to further evaluate the validity of using high water flow rates in heating systems. Therefore, the focus in this section is to evaluate the impact of increased water flow rate on heat output and exergy use of the considered heating systems, in other words, to rate the efficiency of natural resources utilization when using high water flow rates in heating systems. Figure 7 illustrates the variation of the relative heat output with change of relative water flow for the analyzed space heaters. It shows that floor heating benefits most from increased water flow rate, followed by baseboard radiators, while conventional radiator benefitted the least from this increase. By increasing the water flow from 0.01 to 0.035 kg/s the heat output from the considered floor, baseboard and conventional radiator heating systems increased by 38, 28 and 25%, respectively. Figure 7 also reveals that a 50% decrease of the initial water flow rate (=0.01 kg/s) would reduce the heat output from the considered space heaters by 22 to 30%. This clearly shows that the heat output from a high-flow system is largely affected by the operational water flow. Therefore, it is very important to fine-tune high-flow systems carefully in order to maximize their thermal performance. Figure 8 shows the variation of exergy use per unit mass of water with temperature dropped across the considered conventional radiator. Figure 8 reveals two things. First, the largest contributor of exergy use in a radiator system is the thermostatic valves. Second, a large temperature drop over the radiator requires a high exergy use. It shows that a radiator system with a temperature drop of 20 °C (low- 
The Impact of Increased Water Flow Rate on Noise Production
In the previous section, it was shown that high water flow rates in well-designed hydronic systems may significantly increase their heat outputs and decrease their exergy use. However, the high water flow rates could also generate high noise levels, which may annoy the occupants. In hydronic systems, the thermostatic valves are usually associated with noise problems. The noise generation inside a valve is closely related to the pressure loss over it, which mainly depends on the operating flow rate and the flow capacity of the valve (Kv-value). Presently, the Kv-values for selfoperated thermostatic valves range from about 0.01 to 2.0 m 3 /h in hydronic systems [45] . Kv-values between 0.03 and 0.04 m 3 /h are currently used in low-flow/high-temperature systems [13] , while values of about 0.7 m 3 /h are presently used for high-flow/low-to-medium temperature systems [46] .
According to current best practice, to avoid noise generation, the total pressure loss over the thermostatic valve and the heating appliance should be below 10 kPa [46] . According to Figure 9 , in order to keep the total pressure over the valve and considered radiator below 10 kPa at a water flow of 0.035 kg/s, Kv-value of the thermostatic valve should be higher than 0.4 m 3 /h. By increasing the Kvvalue to 0.45 m 3 /h, the total pressure loss would decrease to 8.3 kPa at 0.035 kg/s. By further increasing the Kv-value to 0.5 m 3 /h, the total pressure loss would drop to about 6.8 kPa. This increase of Kv-value from 0.4 to 0.5 m 3 /h (by 25%) would reduce the risk of unwanted noise by a factor of 1.5. This is clear evidence that it was fully feasible to operate the considered heating systems with high water flow rates without creating unwanted noise problems in single-family dwellings. 
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Uncertainty of Presented Results
Previous studies have shown that the simulated heat loss signature was 5% below the measured one presented in Figure 4a [47] , and that the heat outputs given in Figure 4b agreed with the laboratory measurements within ±2% [28] . A previous report also concluded that even the most advanced and detailed calculation models for the prediction of heat pump performance had an uncertainty of up to 10% [48] . This implies that the uncertainty of the HSPF-values presented in Figure 4c should also be within ± 10%, at best. According to the Swedish Energy Agency [49], in 2008 the combined CO2 emissions for electricity generation in Scandinavian countries amounted to 75-100 kg per MWh. This means that there is an uncertainty in the CO2 emissions shown in Figure 4d , which is within ±15% of those of the presented graph. In addition, for hydraulically smooth pipes, the uncertainty in the prediction of the pipe friction factor is estimated to ±5% [50] . This means that predictions of pressure loss and pumping power need in Figures 5 and 6 , respectively, should also fall approximately within that range. Finally, according to the prevailing norm, the uncertainty of the preset valve throttling (Kv-value) must not exceed 10% [32] . Consequently, the uncertainty of the pressure loss shown in Figure 9 should not be greater than ±10%. Taking all these factors into account, it can be concluded that the results presented in this study fall within commonly accepted engineering levels of accuracy.
Discussion
The literature review conducted in this study has revealed that the classification of hydronic systems according to their operational temperatures is arbitrary, and has been constantly changing over time. It seems, however, that since around the year 2000, there has been a general agreement that heating systems that are able to cover heat loss with water supplies of 45 °C and below should be regarded as low-temperature heating systems. It is, however, still unclear which outdoor temperature should be used when considering the heat loss; that is, whether the heat load should be considered at the design, at the mean winter, or at the mean annual outdoor temperature.
A common perception among today's heating, ventilation and air conditioning (HVAC) engineers is that thermal benefits of using high water flow rates (higher than 0.01 kg/s per appliance/circuit) in heating systems may be outweighed by the increased power needed for the circulation pumps and the cost increase for the distribution pipes. In this study, it was proved that this common conviction does not hold for well-designed hydronic systems adapted for operation 
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It was revealed that the commonly used design guideline values of 100 Pa/m for water-side pressure loss in distribution pipes and 0.01 kg/s for water flow rate per heating circuit are not suitable for low-temperature heating systems in single-family dwellings. It was shown that the pumping power need would be about 0.6% of the emitted heat output for a floor heating system with distribution pipes of 10 mm, even if the pressure loss was about 3.5 times higher than the currently recommended guideline value (100 Pa/m). For a pipe diameter of 13 mm the pumping need to heat output ratio would be approximately 0.2%, even when the water flow is 3.5 times higher than commonly used in nowadays hydronic system (0.01 kg/s per circuit or space heater). On the other hand, this increase of water flow would increase the heat output from the considered floor heating system by 38%.
It was also found that a water flow rate of 0.035 kg/s per appliance would not generate unwanted noise if the K v -value of the thermostatic valve was set at a value higher than 0.45 m 3 /h. This implies two things: firstly, the water flow rates in current heating systems could be significantly increased if the distribution pipes were properly sized and thermostatic valves correctly chosen; secondly, if this measure is taken, the heat output from current heating systems could be significantly increased. However, it is important to remember that high water flow rates requires a distribution network that is well-balanced and carefully thought out. Otherwise, the result may be the opposite of that required.
The results also showed that a radiator system that operates with small temperature drops requires significantly less exergy use than when it is operated with large temperature drops (low water flow rates). This implies that high-flow/low-temperature heating systems are more environmentally friendly than low-flow/high-temperature systems, since low-temperature systems use less natural resources for operation. A practical implication of this finding is that low-temperature heating systems connected to heat pumps should be operated with small temperature drops in single-family dwellings.
The use of a high flow water rate in a heating system had also a positive effect on heat pump performance. With increased water flow rate, the temperature drop over space heaters come closer to the temperature drops of evaporators and condensers in heat pumps. This decreased the required temperature lift in the heat pump and increased its efficiency (COP-value). This finding is in line with previous results reported in [53] . However, although small temperature drops in heating systems would result in higher COP-values for heat pumps this is still not always engineering practice. Nevertheless, in this study it was shown that the use of high water flow rates in well-designed hydronic systems would increase efficiency of the heat pump and generate energy savings.
The results presented in this study indicate that heat pump efficiency (COP) would increase by about 1.3%/ • C for a supply temperature reduction from 55 • C to 30 • C. In the considered case domestic hot-water and circulators constituted about 20% of the total heating energy need. By reducing these two energy needs by 50%, the improvement of heat pump efficiency would increase to 2.1%/ • C of reduced supply temperature. In that case, the efficiency of the considered heat pump would be improved by roughly 10% when increasing the water flow rate from 0.01 to 0.035 kg/s per heating appliance in a radiator system. This simple example demonstrates the importance of the reduction of these two energy needs. Therefore, in order to fully utilize the entire potential of low-temperature heating systems in single-family houses, the energy demands required by the domestic hot-water and circulation pumps must be reduced. An important subject that remains to be explored is how the energy required for the preparation of domestic hot-water could be reduced in single-family dwellings served by heat pumps in an efficient and practical way.
The results of the present study suggested that the CO 2 emissions from a single-family dwelling could be significantly reduced by using efficient low-temperature space heaters together with an efficient heat pump. However, it should be noted that this depends to a large extent on the cleanness of the primary energy used. For example, in 2008 in the European Union countries, about 360 kg of CO 2 emission was required to produce 1 MWh of electricity [54] . The corresponding emission rates for the same period in Sweden and the Scandinavian countries were on average 15-25 kg and 75-100 kg, respectively [49] . This implies that in the year 2008, electricity production in Sweden and in Scandinavian countries as a whole was about 18 and 4 times cleaner, respectively, compared with the European Union. This clearly illustrates that the use of renewables for energy supply in the building sector is of vital importance for sustainability.
There are also some practical implications that should be taken into account when considering the overall performance of the heating systems investigated in this study. For example, the heat emission from the considered systems was to a large extent controlled by the dimensions and types of the space heaters. Bigger conventional radiators with more panels and secondary surfaces (convector plates), or longer and higher baseboard radiators, would emit more heat. This would result in an operation close to floor heating. On the other hand, a denser arrangement of distribution pipes in floor heating would also greatly increase the heat output from this system. This would on the other hand also require a higher pumping work for water circulation. It is therefore important to take these parameters into account when weighting the overall performance of the considered heating systems.
Conclusions
This paper demonstrated the wider context of importance of increasing the efficiency of current space heaters connected to closed-loop heat pumps in single-family dwellings. The study was divided into two parts. The main goal of the first part of the study was to map the parameters that mainly control the thermal performance of space heaters commonly used in single-family dwellings. The second part explored in detail the potential of using water supplies of high flow rates in the considered heating systems. Both parts aimed to provide practical insights and guidelines for the design and more efficient operation of heating systems in single-family dwellings. Based on the results, the following can be concluded:
The capacity of a heating system to be operated with a water supply below 45 • C is determined to a large extent by the heating demand of a building. The size, type and efficiency of space heaters are also important factors but the heating demand is the deceive factor for efficient operation of heating systems with low-temperature water supplies. Well-designed and well-operated low-temperature space heaters in combination with efficient heat pumps may significantly decrease the final energy use of single-family dwellings in cold countries. The current guideline design values of 100 Pa/m for water-side pressure loss in distribution pipes and ≤0.01 kg/s for water flow per space heater or heating circuit are set too low and are not appropriate for low-temperature heating systems in single-family dwellings. The hydraulic pressure loss of 350 Pa per meter pipeline and water flow of 0.035 kg/s per space heater or heating circuit should be used instead of traditional values (100 Pa/m and ≤0.01 kg/s) for low-temperature heating systems in single-family dwellings. The pumping power need after this increase would be about 0.2-0.6% of generated heat output for distribution pipes of 10-13 mm inner-diameter. By increasing the water flow rate from 0.01 to 0.035 kg/s per space heater, the heat output from the considered conventional radiator system increased by 25%. This increase improved the efficiency of the considered heat pump (COP) by 6%. An improvement of up to 10% could be achieved by reducing the energy needs for the domestic hot-water and circulation pumps by half. There is no practical justification to use water flow rates higher than 0.035 kg/s per space heater or heating circuit in heating systems supported by heat pumps in single-family dwellings. In order to avoid unwanted noise generation, the flow coefficient (K v -value) of thermostatic valves should not be lower than 0.45 m 3 /h if a water flow of 0.035 kg/s per heating appliance is to be used. The hydronic heating systems that operate with small temperature drops (≤5 • C) use significantly less exergy than systems with large temperature drops. It is thus important and environmentally beneficial to create the right preconditions for heating systems to be operated with low-temperature water supplies and high water flow rates. Based on the conclusions listed above the following steps should be implanted to maximize the potential of low-temperature heating systems. First, the building heat loss should be minimized. Second, the thermal efficiency of space/room heaters should be maximized. Third, if possible, the temperature drop across the heating system should be held constant at about 5 • C or lower. Fourth, the heat pump connected to the low-temperature heating system should be operated with the dynamic heating curve.
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